This paper reviews sensing applications of optical fibre microwires and nanowires. In addition to the usual benefits of sensors based on optical fibres, these sensors are extremely compact and have fast response speeds. In this review sensors will be grouped in three categories according to their morphology: linear sensors, resonant sensors and tip sensors. While linear and resonant sensors mainly exploit the fraction of power propagating outside the microwire physical boundary, tip sensors take advantage of the extreme light confinement to sense chemicals within minute areas.
INTRODUCTION
Optical fibre micro-/nano-wires (OFM), otherwise known as photonic/optical micro-/nano-wires and optical nano-/micro-fibres, are optical fibre tapers with a micrometric or sub-micrometric uniform waist region ( fig. 1 ). Recently, OFMs have attracted increasing attention [1] , mainly because of their remarkable optical and mechanical properties, which include large evanescent fields, flexibility, robustness, strong confinement, configurability and biocompatibility. OFMs are manufactured tapering optical fibres ( fig. 1 ), thus they are connected by conical transition regions to pigtails, which maintain the original optical fibre size and can be easily connected to other fiberized components. In addition, because of their small diameters, OFMs have a great degree of flexibility and can stand bending radii of few μm.
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FABRICATION AND PROPERTIES

Fabrication
OFM manufacturing was carried out mostly using one of the following five methods [1] : flame-brushing [2] , modified flame-brushing [3] , self-modulated taper-drawing [4] , direct draw from bulk [5] and micropipette puller [6] . The "flamebrushing" technique is the most widely used because it uses readily available equipment and it allows for the ultimate control of the taper profile. The "self-modulated taper-drawing" is rather cumbersome, but it has the capability to manufacture minimally invasive OFMs, with radii as small as r=5nm. Micropipette puller is a CO 2 -laser-based commercial equipment which can provide tips with r~25nm and very steep profiles.
Guiding properties
As for conventional optical fibres, in OFMs light is index contrast guided [7] . The OFM guiding properties are determined by the value of V, defined as For V<2.405, OFMs experience single mode operation and the beam spot size ω in minimized for V~2 [7] . In the V<2 region, ω continuously expands for decreasing V and it becomes orders of magnitude larger than r for V<0. 6 . In this region the fraction of power propagating in the evanescent field (η EF ) is considerable and it depends on the refractive index of the surrounding medium and on the ratio λ/r [7, 8] . Fig. 2 shows the relation between η EF and λ/r for different surrounding materials, the refractive index of which (n surr ) varies between 1 and 1.4: η EF increases monotonically for increasing λ/r and it reaches 50% for λ/r~4 in air (n~1) and for λ/r~2.4 in water (n~1.33) [8] . For silica OFMs, maximum confinement corresponds to ω~λ/3 in air and ω~λ/2 in water. Spot sizes with ω«λ/3 cannot be achieved with propagating modes and have been achieved only in metal coated OFMs exploiting the evanescent field along the longitudinal direction [9] . Still, the transmission efficiency T ε is generally low: T ε~1 0 -8 for r=10nm [9] .
SENSORS
OFMs have been deployed in a wide range of sensors, which can be loosely divided into three groups:
1) Confinement; this class of sensors exploits the OFM capability to confine light within small areas and with minimal invasion. This allows for sensing within minute areas and with fast response times.
2) Evanescent field; here the fraction of power propagating outside the OFM physical boundary is used to obtain information on the environment surrounding the OFM.
3) Resonators; high-Q resonators have been manufactured from OFMs in the form of knots, loops and coils. Resonances are extremely sensitive to external perturbations, leading to sensors with high sensitivity.
Confinement sensors
Confinement sensors include two different typologies of sensors exploiting the small OFM size: physical and biochemical sensors. The first group comprises current sensors [10, 11] , where the small size has been used to measure rapidly changing fields which cannot be measured with conventional optical fibre sensors. Indeed the sensor head comprises a coil with a diameter in the region of 1mm and 50 coils: light transit time in the device is in the region of 1ns and it allows for the detection of rapidly changing fields (up to 1MHz). The second set includes sensors with an extremely small apex cross section (tip sensors), which have been used for minimally invasive point sensing in live cells. As explained in section 2.2, in order to have ω<λ/6 sensors in this category have their lateral surfaces metal coated. The apex was left uncoated ( fig. 3 ) and then functionalized to facilitate covalent immobilization of the molecule to recognise. This group of sensors was originally developed to measure pH inside single cells [12] and it found applications in the measurement in-situ and in-real-time of a variety of chemical compounds, including potassium, calcium, oxygen, nitrites, chlorides, glutamate, benzopyrene tetrol [13] , benzo[a]pyrene, cytochrome c, a cysteine aspartate-dependent protease (Caspase-9), a telomerase, and DNA sequences.
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Proc. of SPIE Vol. 7753 77530C-2 Figure 3 . Schematic of an OFM tip sensor. Light injected at the fibre pigtail pumps the functionalised apes, which emits fluorescent light when in proximity of the target compound. Fluorescence is collected via the same pigtail.
Evanescent field sensors
Evanescent field sensors exploit the large fraction of power which propagates outside the ON physical boundary ( fig. 2 ) and thus overlaps with the surrounding fluid. These sensors can exploit the change in the fluid refractive index (refractometric), or its absorption.
A variety of compounds have been measured using absorption changes: some examples include hydrogen [14] , NH 3 and NO 2 [15] , gases mixtures, humidity, ammonia, and PTCDA.
Refractometric measurements were used to detect humidity and for microfluidic applications [16] . The humidity sensor was coated with a layer of gelatine, because its refractive index is strongly dependent on the surrounding fluid humidity. A microfluidic sensor was fabricated embedding an OFM in a transparent low refractive index polymer (Sylgard 184) in proximity of a fluidic channel. When the evanescent field of the mode propagating in the OFM overlaps with the microfluidic channel, its transmission loss is strongly dependent on the refractive-index difference between the polymer and the fluid: refractive index changes as small as 5·10 -4 have been measured in the fluidic channel.
Silanization and functionalization of the surface in contact with fluids can increase the sensor selectivity and turn a refractometric sensor in a highly specialized chemical sensor.
Resonating sensors
This category includes all sensors exploiting resonant structures; they include two groups of resonators:
1) intrinsic, which can be manufactured from OFMs (like loop [17] , knot [4] or microcoil [18] resonators in fig. 4) 2) extrinsic, where the resonator is manufacture by other means (like microspheres, toroids, or capillaries).
Intrinsic resonators have been manufactured exploiting the OFM evanescent field: by coiling an OFM onto itself, modes propagating in two adjacent sections can overlap and couple, producing an extremely compact resonator. The quality factor Q of these resonators can be as high as 10 6 . Loop and knot sensors include refractometric [19] and temperature sensors [20, 21] . Microcoil sensors include refractometric [22, 23] and rotation sensors [24] . Because of their 3D geometry, microcoil resonators have an intrinsic channel which can be exploited for microfluidic applications.
Finally OFMs have shown great potentials to insert/extract light from high-Q resonators with coupling efficiencies in excess of 90% [25] . Evanescent sensing in these types of high-Q resonators has been used to monitor a variety of chemical and biological elements, including DNA [26] , streptavidin, single Influenza A virus, single Escherichia Coli bacteria, ethanol and hexane, heavy water, and explosives [27] .
